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	 Snow	and	ice	cover	exhibits	a	high	degree	of	spatial	and	temporal	variability.	Data	from	multispectral	optical	remote	sensing	instruments	such	as	Landsat	are	an	underutilized	resource	that	can	extend	our	ability	for	mapping	these	phenomena.	High	resolution	imagery	is	used	to	demonstrate	that	even	at	finer	spatial	resolutions	(below	100	m),	pixels	with	partial	snow	cover	are	common	throughout	the	year	and	nearly	ubiquitous	during	the	meltout	period.	This	underscores	the	importance	of	higher	spatial	resolution	datasets	for	snow	cover	monitoring	as	well	as	the	utility	of	fractional	snow	covered	area	(fSCA)	monitoring	approaches.		 Landsat	data	are	used	to	develop	a	fully	automated	approach	for	mapping	persistent	ice	and	snow	cover	(PISC).	This	approach	relies	on	the	availability	of	numerous	Landsat	scenes,	an	improved	technique	for	automated	cloud	cover	mapping,	and	a	series	of	automated	postprocessing	routines.	Validation	at	12	test	sites	suggest	that	the	automated	PISC	mapping	approach	provides	a	good	approximation	of	debris-free	glacier	extent	across	the	Arctic.		 The	PISC	mapping	approach	is	then	used	to	produce	the	first	single-source,	temporally	well-constrained	(2010-2014)	map	of	PISC	across	the	conterminous	western	U.S.	The	Landsat-derived	PISC	map	is	more	accurate	than	both	a	previously	published	dataset	based	on	aerial	photography	acquired	during	the	1960s,	1970s	
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Abstract: Wedeveloped an automated approach formapping persistent ice and snow cover (glaciers
and perennial snowfields) from Landsat TM and ETM+ data across a variety of topography, glacier
types, and climatic conditions at high latitudes (above ~65˝N). Our approach exploits all available
Landsat scenes acquired during the late summer (1 August–15 September) over a multi-year
period and employs an automated cloud masking algorithm optimized for snow and ice covered
mountainous environments. Pixels from individual Landsat scenes were classified as snow/ice
covered or snow/ice free based on the Normalized Difference Snow Index (NDSI), and pixels
consistently identified as snow/ice covered over a five-year period were classified as persistent
ice and snow cover. The same NDSI and ratio of snow/ice-covered days to total days thresholds
applied consistently across eight study regions resulted in persistent ice and snow cover maps that
agreed closely in most areas with glacier area mapped for the Randolph Glacier Inventory (RGI),
with a mean accuracy (agreement with the RGI) of 0.96, a mean precision (user’s accuracy of the
snow/ice cover class) of 0.92, a mean recall (producer’s accuracy of the snow/ice cover class) of
0.86, and a mean F-score (a measure that considers both precision and recall) of 0.88. We also
compared results from our approach to glacier area mapped from high spatial resolution imagery
at four study regions and found similar results. Accuracy was lowest in regions with substantial
areas of debris-covered glacier ice, suggesting that manual editing would still be required in these
regions to achieve reasonable results. The similarity of our results to those from the RGI as well
as glacier area mapped from high spatial resolution imagery suggests it should be possible to
apply this approach across large regions to produce updated 30-m resolution maps of persistent
ice and snow cover. In the short term, automated PISC maps can be used to rapidly identify areas
where substantial changes in glacier area have occurred since the most recent conventional glacier
inventories, highlighting areas where updated inventories are most urgently needed. From a longer
term perspective, the automated production of PISCmaps represents an important step toward fully
automated glacier extent monitoring using Landsat or similar sensors.
Keywords: remote sensing of glaciers; snow and ice; Landsat; arctic
1. Introduction
Glaciers have been identified as one of the most sensitive indicators of changes in climate [1,2] and
have been identified as an essential climate variable that should be monitored globally [3]. Glaciers
not only respond to changes in climate, but can also drive changes in the earth climate system
through changes in albedo and contribution to sea level rise [4–7]. From a more local to regional





























































































































































































	Table	5.5.	Accuracy	metrics	for	mean	annual	snow	cover	duration	(days)	calculated	using	unadjusted	TMSCAG	and	canopy	adjusted	TMSCAG	relative	to	mean	annual	snow	cover	duration	calculated	from	SNOTEL	sites.		Metric	 TMSCAG	 Canopy	Adjusted	RMSE	 22.6	 14.7	Mean	Error	(Bias)	 -10.4	 0.6		
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Table	5.6.	Accuracy	metrics	for	mean	annual	snow	cover	days	calculated	using	adjusted	TMSCAG	for	periods	1991-1995,	1996-2000,	2001-2005,	2006-2011,	and	2011-2015.		Metric	 1986	-	2015	 1991	-	1995	 1996	-2000	 2001-2005	 2006	-			2010	 2011-2015	RMSE	 15.1	 20.0	 15.4	 18.1	 19.3	 20.7	Mean	Error	(Bias)	 0.5	 -1.3	 -5.0	 -2.3	 0.0	 -0.4	
	
	
5.4	Discussion		 TMSCAG	has	been	demonstrated	effective	for	retrieval	of	visible	fSCA	across	a	wide	range	of	snow	cover	conditions,	topography,	vegetation	types,	and	solar	illumination	conditions	(Painter	et	al.,	in	review).	When	significant	forest	canopy	is	present,	however,	the	difference	between	the	retrieved	viewable	fSCA	and	in	situ	fSCA	beneath	the	canopy	can	be	significant.	In	cases	where	snow	cover	is	missed	entirely,	this	can	also	impact	mean	annual	snow	cover	duration	calculated	using	all	available	scenes	for	a	period	of	record.	The	results	presented	here	indicate	that	TMSCAG	fSCA	mapping	can	be	extended	to	allow	for	effective	retrievals	of	in	situ	fSCA	under	forest	canopies	across	the	forests	of	the	western	conterminous	U.S.	mountains,	and	likely	in	other	regions	as	well.		The	canopy	adjustment	approach	presented	here	not	only	adjusts	viewable	fSCA	values	>	0,	but	also	adds	snow	to	forested	pixels	where	snow	cover	was	initially	not	retrieved	if	conditions	at	surrounding	pixels	with	similar	characteristics	suggest	that	snow	cover	was	likely	missed.	The	adjustment	of	initial	fSCA	values	>	0	
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has	been	applied	previously	in	several	studies	(Coons	et	al.,	2014;	Durand	&	Molotch,	2008;	Molotch	&	Margulis,	2008;	Raleigh	et	al.,	2013).	Addition	of	snow	cover	to	forested	pixels	initially	identified	as	snow-free,	however,	is	a	novel	approach	critical	for	effectively	monitoring	snow	cover	conditions	in	forested	regions	at	the	Landsat	spatial	resolution.		 Comparison	between	TMSCAG	fSCA	and	in	situ	fSCA	in	forested	areas	of	the	Sierra	Nevada	indicated	that,	as	expected,	the	viewable	snow	cover	fraction	retrieved	from	TMSCAG	is	usually	substantially	lower	than	the	in	situ	fSCA.	While	the	standard	canopy	adjustment	approach	improved	agreement	between	in	situ	fSCA	and	Landsat-derived	fSCA	in	many	instances,	the	neighborhood	canopy	adjustment	approach	resulted	in	further	improvement	in	cases	where	snow	cover	was	initially	missed	at	some	of	the	9	Landsat	pixels	covering	the	100	x	100	m	in	situ	grid.		 The	lack	of	false	positives	for	snow	cover	resulting	from	application	of	the	neighborhood	canopy	adjustment	approach	suggest	that	this	is	a	relatively	conservative	approach	to	the	problem	of	missed	snow	cover	beneath	forest	canopy.	In	fact,	the	algorithm	is	structured	so	that	snow	cover	can	only	be	added	if	a	substantial	fraction	of	pixels	within	450	m	of	the	target	pixel	have	been	identified	as	snow	covered	by	TMSCAG.	Checks	are	also	in	place	to	prohibit	the	addition	of	snow	cover	when	nearby	snow	cover	is	only	identified	at	pixels	with	a	lower	cumulative	solar	radiation	load	or	at	substantially	higher	elevations.	Despite	these	conditions	and	the	lack	of	false	positives	for	snow	cover	identified	in	the	in	situ	fSCA	
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comparison	dataset,	we	acknowledge	that	some	false	positives	will	inevitably	result	from	this	canopy	adjustment	approach.	Our	results	suggest	the	importance	of	the	neighborhood	canopy	adjustment	varies	both	by	region	and	over	time,	with	frequent	instances	of	adjustment	to	add	snow	cover	initially	missed	concentrated	in	both	clusters	of	pixels	and	specific	times	of	year.	The	substantially	higher	amount	of	snow	covered	pixels	added	in	the	Cascades	from	neighborhood	canopy	adjustment	relative	to	the	Sierra	Nevada	and	Gros	Ventre	subsets	can	be	explained	primarily	by	the	higher	forest	density	and	greater	prevalence	of	dense	forest	in	the	Cascades.	The	canopy	adjustment	approach	may	also	be	less	necessary	in	mid-winter	in	the	colder	continental	climate	of	the	Gros	Ventre	subset,	where	snow	cover	is	often	retained	for	long	periods	in	the	canopy	(Hedstrom	&	Pomeroy,	1998),	resulting	in	a	higher	viewable	fSCA	and	thus	fewer	missed	snow	cover	pixels.	The	higher	percentage	of	added	snow	cover	pixels	occurring	in	the	months	of	November,	December,	and	January	for	all	three	subsets	can	be	explained	by	the	relatively	poor	solar	illumination	conditions	resulting	from	higher	solar	zenith	angles	during	these	months.	Painter	et	al.	(in	review)	found	that	TMSCAG	is	more	likely	to	underestimate	snow	cover	under	poor	illumination	conditions,	and	this	is	likely	exacerbated	by	forest	canopy	that	leads	to	a	further	reduction	in	illumination	at	the	snow	surface.	Under	these	conditions,	which	result	in	a	higher	frequency	of	pixels	where	snow	cover	is	not	initially	identified	by	TMSCAG,	the	neighborhood	canopy	adjustment	approach	is	employed	more	frequently.	The	secondary	peak	of	added	snow	cover	pixels	during	the	months	of	April	and	May	in	the	Cascades	and	
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Sierra	Nevada	is	likely	due	to	the	higher	prevalence	of	partially	snow	covered	pixels	during	this	period,	which	typically	corresponds	with	snowmelt	across	much	of	these	two	study	areas.	The	density	of	forest	canopy	cover	necessary	to	result	in	errors	of	omission	declines	substantially	as	the	ground	snow	cover	fraction	declines.		 The	comparison	between	mean	annual	snow	cover	duration	calculated	from	SNOTEL	data	and	from	Landsat-derived	fSCA	confirms	the	effectiveness	of	the	neighborhood	canopy	adjustment	approach.	Without	an	approach	that	considers	nearby	pixels	or	some	sort	of	ancillary	data,	mean	annual	snow	cover	duration	calculated	from	Landsat-derived	fSCA	is	significantly	underestimated	at	many	pixels	with	moderate	to	dense	forest	canopy.	While	the	canopy	adjustment	approach	described	here	is	not	effective	for	eliminating	all	errors	of	omission	at	all	Landsat	pixels	in	all	instances,	it	significantly	reduces	underestimation	of	mean	snow	cover	duration	at	many	forested	pixels.		 Perhaps	the	largest	limitation	for	the	current	approach	to	production	of	both	scene-based	and	mean	annual	snow	cover	duration	products	is	the	inability	of	the	neighborhood	canopy	adjustment	approach	to	effectively	correct	all	pixels.	While	instances	of	failure	due	to	insufficient	surrogate	pixels	are	relatively	rare,	they	are	typically	concentrated	in	both	space	and	time	and	can	therefore	have	a	notable	impact	on	results	in	certain	areas	and	for	certain	periods.	It	may	be	possible	to	reduce	the	number	of	cases	where	the	neighborhood	canopy	adjustment	approach	fails	by	extending	the	size	of	the	neighborhood	for	identification	of	surrogate	pixels.	A	completely	effective	solution	to	this	limitation,	however,	will	likely	require	the	
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inclusion	of	different	remote	sensing	data	such	as	lidar	or	a	physically-based	modeling	approach.		 Another	limitation	of	both	the	scene-based	canopy-adjusted	fSCA	and	the	snow	cover	duration	products	is	that	the	accuracy	of	canopy-adjusted	snow	covered	area	depends	on	accurate	and	consistent	forest	canopy	information.	Presently,	this	information	is	provided	by	the	NLCD	2011	forest	canopy	layer,	which	has	been	shown	to	underestimate	forest	canopy	by	an	average	of	9.7%	nationally	and	by	23.4%	in	the	Sierra	Nevada	(Nowak	&	Greenfield,	2010).	Perhaps	more	importantly,	the	NLCD	canopy	layer	represents	only	a	brief	period	of	time	and	is	likely	to	be	incorrect	in	instances	where	land	cover	change	has	occurred	either	before	or	after	the	publication	of	the	dataset.	For	example,	a	large	fire	might	remove	most	or	all	of	the	canopy	for	a	patch	of	pixels.	If	the	reduction	in	canopy	from	the	fire	is	not	reflected	in	the	canopy	layer,	canopy	adjustment	will	be	incorrectly	applied	to	this	patch	of	pixels,	resulting	in	an	overestimation	of	fSCA	and	possibly	the	generation	of	false	positive	snow	cover	pixels	(although	only	if	other	nearby	pixels	are	snow	covered).	A	possible	solution	would	be	to	generate	new	canopy	layers	annually	or	possibly	even	a	new	canopy	layer	for	every	Landsat	scene	processed	in	order	to	reduce	the	possibility	of	these	types	of	errors.		 The	relatively	long	16-day	interval	between	scene	acquisitions	from	Landsat	also	limits	our	ability	to	produce	a	snow	cover	duration	product	for	time	periods	shorter	than	about	5	years.	The	sporadic	occurrence	of	cloud	cover	and	the	16-day	repeat	interval	for	the	Landsat	5	and	7	spacecraft	have	resulted	in	an	irregular	frequency	of	cloud-free	surface	views.	Over	periods	longer	than	approximately	5	
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years,	this	irregular	availability	of	cloud-free	surface	views	amounts	to	a	semi-random	sample	of	cloud-free	surface	views	from	the	early,	middle	and	late	portions	of	each	month	and	from	above-average,	average,	and	below-average	snow	cover	years.	For	shorter	periods,	however,	the	impact	of	the	timing	of	each	cloud-free	surface	view	can	skew	the	calculation	of	mean	annual	snow	cover	duration.	Our	results	indicate	that	accuracy	of	the	snow	cover	duration	product	is	lower	for	5-year	periods	than	it	is	for	the	full	1986-2015	period.	Future	iterations	of	the	Landsat	snow	cover	products	will	incorporate	data	from	Landsat	8	and	possibly	from	the	Sentinel	2A	instrument,	potentially	allowing	for	generation	of	snow	cover	duration	products	based	on	as	little	as	one	year	of	data.		 	
5.5	Conclusions		 Results	presented	here	indicate	that	while	the	unadjusted	Landsat	snow	cover	products	underestimate	fSCA	for	individual	scenes	and	underestimate	mean	annual	snow	cover	duration	calculated	from	all	available	scenes,	this	underestimation	is	substantially	reduced	for	the	canopy-adjusted	versions	of	these	products.	The	incorporation	of	a	canopy	adjustment	approach	that	considers	the	snow	cover	status	of	nearby	pixels	allows	for	accurate	estimation	of	scene-based	fSCA	in	many	cases	even	when	the	initially	retrieved	fSCA	value	is	zero.	When	combined	with	a	cloud	mask	optimized	for	use	in	mountainous	environments,	the	resulting	canopy-adjusted	Landsat	fSCA	data	can	be	used	to	provide	an	accurate	estimate	of	mean	annual	snow	cover	duration	at	30	m	spatial	resolution	for	the	entire	Landsat	period	of	record	as	well	as	for	temporal	subsets	as	short	as	5	years.	
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Data	from	the	SNOTEL	network	indicate	the	mean	annual	snow	cover	duration	for	the	period	1986-2015	calculated	using	this	approach	has	an	RMSE	of	14.7	days	and	a	bias	of	+0.6	days	over	the	range	of	90-270	days	of	annual	snow	cover.	While	the	impact	of	the	canopy	adjustment	approach	varies	by	region	due	primarily	to	differences	in	forest	cover,	it	can	have	a	large	impact	on	local	snow	cover	duration	estimates	for	pixels	with	forest	canopy	even	within	regions	where	forest	cover	is	relatively	sparse	or	mostly	absent.	The	primary	limitation	of	the	canopy	adjustment	approach	is	that	it	is	ineffective	in	cases	where	an	insufficient	number	of	surrogate	pixels	can	be	located	within	the	local	neighborhood,	such	as	when	a	target	pixel	is	surrounded	by	large	tracts	of	contiguous,	high	density	forest	cover.	Despite	this	limitation,	the	canopy	adjustment	approach	substantially	increases	accuracy	of	fSCA	maps	in	forested	and	partially	forested	regions.	Together,	the	improved	accuracy	of	the	scene-based	fSCA	product	and	the	approach	developed	to	incorporate	all	Landsat	data	acquired	during	a	period	of	record	to	calculate	mean	annual	snow	cover	duration	enables	the	production	of	an	accurate	snow	cover	duration	product	at	a	higher	spatial	resolution	than	has	previously	been	available.	The	relatively	high	spatial	resolution	of	both	the	Landsat	scene-based	snow	cover	product	and	the	Landsat	snow	cover	duration	product	can	help	illuminate	relatively	fine	scale	snow	cover	patterns	common	in	rugged	topography	that	would	be	obscured	by	the	coarser	spatial	resolution	of	sensors	like	MODIS	or	VIIRS.	This	will	result	in	enhanced	understanding	and	possibly	new	insights	into	snow	cover	patterns	and	processes,	particularly	in	regions	with	complex	topography	that	consistently	feature	a	high	degree	of	fine	scale	snow	cover	variability.	
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CHAPTER	6	
	
CONCLUSIONS			 Work	presented	in	Chapters	2-5	demonstrates	the	utility	of	Landsat	and	other	moderate	to	high	spatial	resolution	multispectral	instruments	for	mapping	both	seasonal	snow	cover	and	persistent	ice	and	snow	cover	such	as	glaciers	and	perennial	snowfields.	While	the	approaches	described	in	Chapters	3-5	for	mapping	persistent	ice	and	snow	cover,	snow	covered	area	in	forested	areas,	and	mean	snow	cover	duration	have	been	validated,	additional	innovation	and	adjustments	will	likely	lead	to	further	improvements	in	product	accuracy.	There	are	two	specific	avenues	of	research	with	strong	potential	for	improving	Landsat-derived	snow	cover	data	products.	First,	snow	covered	area	mapping	algorithms	should	be	extended	to	work	with	data	from	similar	multispectral	sensors	such	as	the	Operational	Land	Imager	(onboard	Landsat	8)	and	the	European	Space	Agency’s	Sentinel-2	instrument.	Extension	of	the	basic	algorithms,	including	the	TMSCAG	spectral	unmixing	algorithm,	the	forest	canopy	adjustment	approach,	and	the	approach	for	mapping	persistent	ice	and	snow	cover	will	be	relatively	straightforward.	However,	comprehensive	assessment	of	differences	between	products	resulting	from	differences	in	the	spectral	and	spatial	resolutions	of	these	sensors	will	be	necessary.	In	particular,	the	reduced	potential	for	radiometric
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	saturation	in	the	visible	bands	provided	by	Landsat	8	and	Sentinel-2	relative	to	Landsat	5/7	may	have	a	substantial	impact	on	the	retrieval	of	snow	covered	area	and	could	bias	change	analysis	that	incorporates	data	from	both	sensors	if	not	explicitly	addressed.		 Extension	of	the	algorithms	presented	here	to	sensors	with	similar	spatial	resolutions	and	spectral	bands	will	be	essential	for	maximizing	the	available	data	for	analysis,	particularly	in	regions	where	cloud-free	views	of	the	earth	surface	are	relatively	scarce.	Ideally,	snow	cover	products	will	eventually	incorporate	data	from	multiple	sensors	with	different	capabilities.	Combining	Landsat-derived	snow	cover	with	data	from	optical	remote	sensing	instruments	with	significantly	different	spatial	resolutions	(e.g.,	MODIS,	VIIRS)	offers	the	potential	for	providing	snow	covered	area	products	with	better	temporal	resolution.	Finally,	combination	of	data	from	Landsat,	other	types	of	instruments	such	as	radar	or	lidar,	and	physically-based	snow	cover	modeling	enables	the	estimation	of	snow	water	equivalent,	perhaps	the	most	sought-after	snow	metric.	The	science	data	products	described	in	Chapters	3-5	have	a	wide	array	of	potential	uses	across	a	variety	of	disciplines.	These	datasets	can	improve	our	understanding	of	basic	snow	processes	as	well	as	the	variability	of	snow	and	ice	cover	in	the	recent	past	and	into	the	future.	While	a	comprehensive	discussion	of	potential	scientific	questions	these	datasets	could	help	answer	is	beyond	the	scope	of	this	work,	several	of	the	most	pressing	questions	and	research	applications	that	could	benefit	from	Landsat-derived	snow	cover	data	are	outlined	below.	
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	 Landsat-derived	snow	cover	datasets	are	particularly	valuable	for	providing	a	comprehensive	inventory	of	snow	cover	across	the	full	range	of	elevations,	slope-aspect	combinations	and	vegetation	types	present	throughout	a	region	such	as	an	individual	mountain	range.	Remotely	sensed	snow	cover	data	are	also	crucial	for	monitoring	snow	cover	above	the	treeline,	where	in	situ	observations	are	typically	sparse	or	nonexistent.	While	other	remotely	sensed	snow	cover	products,	such	as	the	MODIS	snow	products,	can	also	provide	this	type	of	comprehensive	inventory,	Landsat’s	higher	spatial	resolution	provides	a	unique	opportunity	to	assess	the	relationship	between	snow	cover	duration	and	landscape	characteristics	such	as	slope,	aspect,	topographic	position,	and	vegetation	type	and	density.	The	higher	spatial	resolution	snow	cover	data	can	be	used	to	assess	changes	in	snow	cover	duration	for	specific	landscape	types	or	positions	over	time.	For	example,	recent	research	suggests	that	under	future	warming	scenarios,	topographic	effects	will	have	a	strong	impact	on	the	timing	of	snowmelt	(and	resulting	streamflow),	with	areas	subject	to	topographic	shading	potentially	more	resistant	to	earlier	snowmelt	brought	on	by	warmer	temperatures	(Lundquist	&	Flint,	2006).	Landsat-derived	snow	cover	duration	data	have	the	potential	to	provide	a	detailed	assessment	of	this	hypothesis.	In	another	example,	assessment	of	the	spatial	patterns	of	snow	cover	duration	can	also	provide	insight	into	the	physical	processes	impacting	snow	accumulation,	redistribution,	and	accumulation.	Arctic	and	alpine	environments	typically	experience	substantial	redistribution	of	snow	by	wind	transport,	resulting	in	substantial	snow	cover	heterogeneity	at	scales	<	100	m	(Liston,	1998;	Pomeroy,	2004).	In	recent	years,	understanding	and	modeling	physical	processes	like	wind	
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redistribution	of	snow	has	been	a	top	priority	for	snow	researchers.	Landsat-derived	patterns	of	snow	cover	duration	can	be	used	to	validate	and	improve	physically-based	snow	evolution	models.	These	models	will	in	turn	be	useful	for	forecasting	changes	in	snow	cover	that	will	accompany	forecasted	changes	in	temperature	and	precipitation.		 The	comprehensive,	high	spatial	resolution	snow	cover	duration	datasets	derived	from	Landsat	can	also	be	used	to	identify	areas	of	persistent	ice	and	snow	cover,	such	as	glaciers	and	perennial	snow	cover,	as	demonstrated	in	Chapters	3	and	4.	While	automated	identification	of	areas	of	PISC	for	a	single	time	period	represents	a	significant	step	forward,	the	next	step	is	to	monitor	changes	in	persistent	ice	and	snow	cover	over	time.	While	numerous	efforts	have	already	explored	changes	in	glacier	area	for	various	regions	and	over	various	periods	of	time,	the	use	of	automated	techniques	that	exploit	the	full	Landsat	data	archive	will	allow	this	process	to	be	standardized	and	extended	to	regions	where	previous	analysis	has	not	been	conducted.	The	creation	of	regional	30	m	resolution	datasets	at	regular	temporal	intervals	can	provide	further	insight	into	the	processes	responsible	for	changes	in	glaciers	by	examining	the	distribution	of	changes	in	relation	to	topography.	For	example,	glaciers	with	accumulation	zones	in	protected	cirque	basins	(ideal	for	both	enhanced	accumulation	and	reduced	insolation)	are	often	less	responsive	to	regional	climate	signals	(Hoffman	et	al.,	2007).	Landsat-derived	PISC	datasets	can	be	used	to	test	this	and	other	hypotheses.	Insights	derived	from	this	type	of	analysis	can	be	applied	to	improve	predictions	of	change	for	individual	glaciers	and	snowfields.	
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	 Landsat-derived	snow	cover	duration	datasets	can	also	be	used	to	assess	the	impact	of	changes	in	snow	cover	duration	on	the	distribution	of	plant	communities.	Research	has	demonstrated	feedback	loops	between	snow	cover	and	vegetation	often	play	a	role	in	the	establishment	of	shrubs	in	arctic	tundra	(Sturm	et	al.,	2001;	Sturm	et	al.,	2005)	and	trees	in	alpine	tundra	(Bekker,	2005;	Moir	et	al.,	1999).	Since	these	types	of	land	cover	conversion	typically	occur	incrementally	and	begin	as	changes	isolated	to	small	patches	<	100	x	100	m	in	size,	changes	occurring	since	the	establishment	of	satellite	remote	sensing	programs	are	best	observed	at	finer	spatial	resolutions	such	as	the	30	m	resolution	of	Landsat.	Finally,	the	detailed	patterns	of	snow	cover	duration	available	from	Landsat	provide	the	opportunity	to	assess	the	impact	of	snow	cover	patterns	on	animal	movement,	habitat	preferences,	and	reproductive	success.	For	example,	ungulates	often	search	out	landscape	patches	with	the	shallowest	snow	cover	(Ball	et	al.,	2001).	Snow	cover	duration	combined	with	physically-based	snow	modeling	can	be	used	to	reconstruct	depth	and	snow	water	equivalent	(Molotch,	2009),	over	the	course	of	a	winter	and	identify	these	areas.	In	another	example,	caribou	often	seek	out	late	lying	snow	patches	(easily	identified	from	a	Landsat-derived	snow	cover	duration	product)	for	protection	from	mosquitos	during	the	spring	calving	season.		 The	individual	questions	and	scientific	applications	addressed	here	represent	only	a	limited	subset	of	those	that	can	be	explored	using	Landsat	snow	cover	data.	In	summary,	the	high	spatial	resolution,	wall-to-wall	coverage,	and	relatively	long	period	of	record	of	the	Landsat	sensors	have	the	potential	to	provide	insight	into	changing	snow	and	ice	cover	conditions	across	arctic,	alpine,	and	
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montane	systems	that	would	not	be	possible	using	limited	in	situ	observations	or	coarser	resolution	remote	sensing	data.		
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